Abstract: Sarcoidosis is a systemic granulomatous disease of undetermined etiology invariably affecting the lungs and thoracic lymph nodes. It has been termed an "immune paradox", as there is peripheral anergy despite exaggerated inflammation at disease sites. The disease is usually selflimiting, although some individuals experience unremitting inflammation that may progress into pulmonary fibrosis and death. The inflammatory process is largely a T helper-1-driven immune response. Given its heterogeneous clinical manifestations, diagnosis is usually a clinical conundrum. Clinical and radiological findings alone are often inadequate to confirm the diagnosis. At present, sarcoidosis is usually a diagnosis of exclusion, confirmed by histological evidence of noncaseating granulomas in the absence of known granulomagenic agents. This has compelled researchers to look for disease-specific biomarkers that can help diagnose sarcoidosis and delineate its disease course, severity, and prognosis. In this review we highlight various investigations used to diagnose sarcoidosis, outline proposed biomarkers, and discuss novel methods of sampling biomarkers.
Introduction
Sarcoidosis is a systemic granulomatous disease of unidentified etiology, with a heterogeneous clinical presentation and disease course. The majority of patients have lung and intrathoracic lymph node involvement. In most cases sarcoidosis is subacute and self-limiting; however, significant morbidity and death may result from pulmonary fibrosis or cardiac or neurological involvement. Sarcoidosis is usually confirmed by clinical and radiological findings and histopathology revealing noncaseating granulomas in the absence of known granulomagenic agents. Laboratory investigations are helpful in determining a diagnosis and characterizing disease severity.
In this review we discuss laboratory and immunological testing in sarcoidosis, including proposed biomarkers and novel sampling techniques. Immunological testing and measurement of a range of biomarkers in body tissues have helped improve knowledge of the pathophysiology of sarcoidosis. However, most available tests are limited due to a lack of reproducibility, specificity, and sensitivity. Nevertheless, novel laboratory investigations may improve future clinical testing, improving diagnostic sensitivity and identifying potential therapeutic targets. 1 
Serum chemistry and other initial investigations Routine clinical and laboratory investigations
The recommended initial clinical tests for a patient with suspected sarcoidosis are outlined in Table 1 . Routine blood tests may be helpful in screening for significant specific A recent study identified that progressive increases in red cell diffusion width may be used as a marker that predicts clinical deterioration in patients with sarcoidosis, with increased red cell diffusion width correlating with worsening radiographic stages of the disease. 10 Renal disease is also infrequent; however, increased serum urea and creatinine concentrations generally reflect renal impairment related to longstanding hypercalcemia, hypercalciuria, nephrolithiasis, nephrocalcinosis, or granulomatous interstitial nephritis. 11 No clear organ-specific clinical biomarkers are available for suspected isolated ocular, cardiac, or neurosarcoidosismanifestations associated with significant morbidity and mortality. In these cases, diagnosis usually depends on identifying sarcoid granulomas in other tissues with evidence of disease from radiological and other investigations.
Cerebrospinal fluid (CSF) biochemical analysis may be useful in supporting a diagnosis in suspected neurosarcoidosis, particularly with meningeal disease. International consensus criteria have been devised for a diagnosis of isolated ocular sarcoidosis with specific ophthalmological signs described by Herbort et al, 12 in addition to ancillary clinical investigations listed in Table 1 .
Given that no clear etiological agent has been identified to cause sarcoidosis, other factors, including racial and genetic features, are important and appear to be associated with disease features, including sites of involvement, disease presentation, and clinical course. African-Americans with sarcoidosis are more likely to suffer from more chronic and fatal disease types, as well as erythema nodosum and eye, liver, and bone marrow involvement, compared with Caucasians. 8 With the lack of an adequately sensitive and specific diagnostic test, the diagnosis of sarcoidosis is based on important criteria, including compatible clinical and radiological findings, histological evidence of noncaseating granulomas on tissue biopsy, and exclusion of other possible diagnoses. 7 Histological examination is an important step in the diagnosis of sarcoidosis. Histological characteristics that may point toward sarcoidosis include noncaseating granulomas with a compact core of epithelioid and giant cells, fusion of giant cells to form multinucleated giant cells, and a zone of lymphocytes in the periphery of granulomas. It is important to note that histological evidence of granulomas is alone nondiagnostic, as other granulomatous disease needs to be excluded with other clinical, radiological, and laboratory findings. 7 Biopsy samples should be investigated for alternative causes of granulomatous inflammation, including mycobacteria, fungi, parasites, and foreign particles such as beryllium.
Diagnosis of sarcoidosis is supplemented by characteristic radiological findings. The use of chest radiographs, with a radiographic classification of four "stages" has been utilized. 7 In stage I there is bilateral hilar lymphadenopathy sometimes accompanied by paratracheal lymphadenopathy, stage II involves bilateral hilar lymphadenopathy with parenchymal infiltrates, stage III parenchymal infiltrates without hilar lymphadenopathy, and stage IV disease pulmonary fibrosis, often with honeycombing, hilar retraction, bullae, and cysts. It is important to note that despite this nomenclature, patients do not progress through these stages in any sequential order, and it is a classification of radiographic appearances. Highresolution computed tomography of the chest has higher sensitivity than chest radiography in diagnosis and evaluation of airways, airspace, and interstitial disease in sarcoidosis. Radiological signs such as the reversed halo sign, sarcoid galaxy sign, and headcheese sign are useful findings on highresolution computed tomography, which may indicate diffuse interstitial lung disease suggestive of sarcoidosis, although these radiological signs have less usefulness for prognosis.
Other radiological investigations that are now becoming increasingly used in the diagnosis of sarcoidosis, especially cardiac disease, include magnetic resonance imaging and 18-F fluorodeoxyglucose (FDG) positron emission tomography (PET). 18F-FDG PET scanning has also shown to be valuable in identifying occult sites for diagnostic biopsy in challenging cases where diagnosis is uncertain.
14 PET scanning and magnetic resonance imaging have shown to be useful in the diagnosis of cardiac sarcoidosis, in which most patients have minimal or no symptoms but can present with sudden and life-threatening arrhythmias, and where no diagnostic gold standard exists. It has recently been shown that making the patient fast for a prolonged period prior to 18F-FDG PET is useful in evaluating active cardiac sarcoid lesions and inhibiting physiological myocardial 18F-FDG uptake. This modification in technique appeared to improve the specificity of the PET scan in diagnosing cardiac sarcoidosis. 15 
Tuberculin skin test and interferon-γ release assays
Despite having an exaggerated T helper-1 (T H 1)-mediated immune response at sites of disease, patients with sarcoidosis usually have suppressed peripheral blood responses to common recall antigens, 4, 16 poor response to vaccinations, 6, 17 and depressed delayed type hypersensitivity reactions, including cutaneous anergy, to the tuberculin skin test, 4 which is a diagnostic criterion for sarcoidosis. 18 Tuberculin skin test anergy is less reliable in diagnosis of sarcoidosis compared with interferon (IFN)-γ release assays (IGRAs) in populations that have a significantly high incidence of tuberculosis infection. 19, 20 IGRAs utilize antigens specific for Mycobacterium tuberculosis (MTB) complex, and thus they have higher sensitivity and specificity for detecting MTB complex infections than conventional tuberculin skin tests. 21 The QuantiFERON ® -TB Gold (Cellestis International, Melbourne, VIC, Australia) IGRA measures peripheral blood T-cell IFN-γ production, using enzyme-linked immunosorbent assay (ELISA), from a patient previously exposed to specific MTB complex antigens, namely culture filtrate protein-10, early secretory antigenic target-6 (ESAT-6), and purified protein derivative (PPD).
A recent study measured IFN-γ release by bronchoalveolar lavage (BAL) mononuclear cells and peripheral blood mononuclear cells (PBMCs) following ex vivo stimulation with whole PPD, ESAT-6, and culture filtrate protein-10. They identified that in patients with sarcoidosis, BAL and PBMC IFN-γ release was similar with controls and less compared with patients with tuberculosis. 22 Other investigations have demonstrated, however, that other undegradable MTB antigens (not present in tuberculosis-specific IGRAs) may be pathogenic in sarcoidosis. Investigations using IFN-γ enzyme-linked immunospot and flow cytometry have shown higher PBMC and BAL T H 1 responses to recombinant MTB catalaseperoxidase (mKatG) 23 and mKatG peptides in patients with sarcoidosis compared with healthy controls, but no difference with PPD+ control subjects. These findings suggest that mKatG profiles a pathogenic antigen in some cases of sarcoidosis. 16, [24] [25] [26] In addition, greater peripheral blood T H 1 responses have also been shown in patients with sarcoidosis compared with healthy PPD-controls following PBMC stimulation with mycobacterial heat shock proteins 25, 27 and MTB-related peptides from ESAT-6, 16, 25 mycolyl-transferase antigen 85A, 25, 28 and superoxide dismutase A. 25 
Calcium and vitamin D
Greater than 40% of patients with sarcoidosis develop hypercalciuria, and hypercalcemia occurs in 5%-10% of patients. 29 Hypercalcemia in sarcoidosis is caused by increased serum 1,25-dihydroxyvitamin D 3 (also known as calcitriol), which raises serum calcium concentrations by increasing intestinal absorption and osteoclastic bone resorption. In normal physiological states, the kidney hydroxylates vitamin D 3 to its biologically active form (1,25-dihydroxyvitamin D 3 ). Sarcoid macrophages also possess a 25-hydroxyvitamin D 3 -1α-hydroxylase enzyme, which hydroxylates vitamin D 3 to its active form and which is produced excessively in sarcoid granulomas. 11, 30 Sarcoid alveolar macrophages have been identified to be the source of excess calcitriol, through elevated 25-hydroxyvitamin D 3 -1α-hydroxylase messenger ribonucleic acid (RNA) expression. 31 Hypercalciuria is common in patients with sarcoidosis, due to increased calcium filtered at glomeruli, together with suppression of parathyroid hormone secretion by calcitriol, which reduces renal tubular calcium reabsorption. 11 Serum calcium monitoring and 24-hour urinary calcium measurement are thus important in all patients with sarcoidosis.
11
Recent evidence suggests also that vitamin D has important immunomodulating effects, including inhibition of antigen presentation by cells of the innate immune system, cytokine release, and proliferation of T H 1 cells. 32 Polymorphisms of the vitamin D receptor gene have been associated with increased risk of granulomatous disease, including sarcoidosis, 33 and have also been shown to be related to bone mineral density and hyperparathyroidism. 
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Although the vitamin D receptor gene polymorphism may affect the serum parathyroid hormone level, it is not itself a risk factor for hypercalcemia in sarcoidosis. 34 Hyperparathyroidism and parathyroid adenomas are also sometimes the causative mechanism for hypercalcemia in patients with sarcoidosis. 35 erythrocyte sedimentation rate and C-reactive protein
The erythrocyte sedimentation rate (ESR) and acute phase reactant C-reactive protein (CRP) have been used as nonspecific inflammatory biomarkers in many disorders. They are simple tests for assessing the degree of systemic inflammation. Very high levels of ESR and CRP have been measured in some patients with sarcoidosis who have active disease. 36 ESR is more likely to be elevated in sarcoidosisassociated arthritis 37 and erythema nodosum 38 than other clinical presentations. High CRP is associated with severe fatigue in sarcoidosis, 39 although CRP is generally lower compared with patients with tuberculosis. 40 
Genetic markers in sarcoidosis
Familial clustering of disease, increased concordance in monozygotic twins, and racial differences in disease incidence suggest that genetic factors play a role in the pathogenesis of sarcoidosis.
1 Class I human leukocyte antigen (HLA) susceptibility alleles identified to be consistently associated with sarcoidosis risk include HLA-A*1, HLA-B*7, and HLA-B*8, which exist in most populations with acute sarcoidosis. 1 The suspected immunopathogenesis of sarcoidosis is the presentation of insoluble antigen(s), expressed on HLA class II molecules on the surface of antigen-presenting cells, which activates CD4+ lymphocytes and triggers the sarcoid immune response. HLA class II genes are thus likely to play a significant role in sarcoidosis susceptibility. 41 Table 2 summarizes important HLA and non-HLA gene associations identified in sarcoidosis. 41 Chronic and severe pulmonary sarcoidosis has been consistently associated with the HLA-DRB1*1501/HLA-DQB1*0602 haplotype. 1 There is also an increased association between sarcoidosis susceptibility and a BTNL2 gene single nucleotide polymorphism (rs2076530 G→A), independent of HLA class II alleles, which affects T-lymphocyte activation and regulation. 42 The BTNL2 gene resides in the major histocompatibility complex class II region of chromosome 6p, a B7 family T-cellnegative costimulatory molecule related to the CD80 and CD86 costimulatory receptors. 1, 42 A nonfunctional BTNL2 molecule may lead to exaggerated lymphocyte activation, which is a factor in the pathogenesis of sarcoidosis.
T-cells from sites of sarcoid disease activity, including Kveim-Siltzbach skin reactions, show a restricted variable-α region (Vα) and variable-β region of the T-cell receptor (TCR), indicating TCR oligoclonal expansion in response to a limited group of antigens.
1,43 BAL T-cells from HLA-DRB1*0301-positive patients with sarcoidosis predominantly express Vα2.3 (AV2S3+), which indicates that these T-cells are reacting to the unknown sarcoid antigen(s) when presented by the HLA-DRB1*0301 molecule. 1, 5 Recently, Bloom et al 44 compared whole blood genomewide transcriptional response profiles of pulmonary sarcoidosis, tuberculosis, and other similar pulmonary diseases, before and after treatment, and in purified leukocyte populations. They identified that tuberculosis and sarcoidosis had similar blood transcriptional profiles dominated by IFN-inducible transcripts, whereas other pulmonary diseases, such as pneumonia and lung cancer, showed distinct signatures dominated by inflammatory genes. In the future, it would be interesting to see how genetic factors and transcriptional signatures of sarcoidosis could be compared with other diseases, for rapid diagnosis and to determine appropriate patient treatment.
Lymphocyte markers: cytokines and chemokines immunopathogenesis of sarcoidosis and key cytokines and chemokines
The "immune paradox" associated with sarcoidosis may be explained by the proliferation of CD25 bright FOXP3+ 
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Biomarkers in sarcoidosis regulatory T-cells. 5, 45 Local sarcoid inflammation arises when a putative antigenic peptide is presented via major histocompatibility complex class II molecules to CD4+ T H 1 lymphocytes. Clonal proliferation of these activated lymphocytes subsequently occurs, which produces increased amounts of IL-2 and IFN-γ. 46 Also released are cytokines and chemokines produced by mononuclear phagocytes (including tumor necrosis factor-α [TNF-α], IL-6, IL-12, IL-18, and monocyte chemotactic protein-1). 1, 46 These initiate the formation of noncaseating granulomas, which, depending on T H 1/T H 2 predominance and the local cytokine network, results in either resolution or fibrosis, respectively.
In general terms, T H 1 cytokines inhibit fibrosis and promote granulomatous inflammation, whereas T H 2 cytokines promote healing or progressive fibrosis. 9 T H 17 cells have been implicated in autoimmune and granulomatous disease and have recently been investigated in sarcoid immunopathogenesis. An increase in the number of BAL and peripheral blood IL-17A+ and IL-17A+ IFN-γ+ memory T-cells was recently identified in patients with sarcoidosis. 47 Gene profiling studies in skin biopsies have also demonstrated increased T H 1 and T H 17 gene expression together with increased IL-23 and IL-23R expression in patients with sarcoidosis. 48 Table 3 summarizes principal chemokines and cytokines involved in sarcoidosis.
Soluble iL-2 receptor
The soluble form of the IL-2 receptor (sIL-2R) is a T-cell IL-2 receptor used in monitoring graft rejection and can be elevated in certain infections and autoimmune diseases. 49 Its concentrations are increased in the serum and BAL of patients with sarcoidosis, 50, 51 decreasing during remission and with therapy initiation. 52 Levels are significantly higher in patients with active sarcoidosis, which indicates that sIL-2R may be a useful biomarker of disease activity. 51, 53 When sIL-2R was compared with serum amyloid A, CRP, and angiotensinconverting enzyme (ACE), only sIL-2R predicted severity of sarcoidosis. 37 β 2 -microglobulin β 2 -microglobulin is a marker of lymphocyte activation and is elevated in the serum of ∼25% of patients. 54, 55 Initial investigations in patients with sarcoidosis indicated that levels were elevated at the time of diagnosis, suppressed with corticosteroid therapy, and increased with relapse. 56 One study identified that there were patients with acute sarcoidosis and erythema nodosum with elevated β 2 -microglobulin with normal ACE activity. 55 A further study did not identify an association between β 2 -microglobulin and ACE, 57 suggesting that lymphocyte and macrophage activation are not always present together. β 2 -microglobulin is thus limited, as it reflects only lymphocyte activation, compared with sIL-2R, which indicates both macrophage and lymphocyte activation. Serum β 2 -microglobulin has a low specificity and sensitivity, which has undermined its utility.
TNF-α
TNF-α plays a pivotal role in the formation and maintenance of sarcoid granulomas. 58 It is produced by pulmonary epithelial cells, activated macrophages, and T-cells. 59, 60 TNF-α levels were also found to be higher in patients with sarcoidosis with active disease than in those with stable disease, suggesting its use as a prognostic marker. 61 TNF-α release is strongly associated with the pathogenesis of sarcoidosis, with multiple studies indicating that TNF release is upregulated in BAL cells from patients with active sarcoidosis. However, TNF release appears to be compartmentalized, with increased release in BAL cells but almost no release by peripheral blood cells from the same patient. 62 TNF polymorphisms may also play a role in sarcoid disease severity and in patients with erythema nodosum. 63 In sarcoidosis there is increased expression of members of the TNF receptor superfamilies and related molecules, including the Fas (CD95)/Fas ligand (FasL) system, which regulate cell survival and death of T-cells. This indicates that dysregulation of T-cell apoptotic mechanisms may explain the absence of apoptosis in the sarcoid granuloma and persistence of inflammation. 64 Programmed T-cell death is also inhibited by oncogene products, including the Bcl-2 family of genes, which, like Fas, is also highly expressed by T-lymphocytes surrounding granulomatous lesions in patients with sarcoidosis. 64 Additionally, patients with progressive disease have overexpression of nuclear factor-κB (which is induced by TNF-α and IL-1β), as well as a downregulation 65 Patients with active sarcoid alveolitis were treated with 4 weeks of nebulized VIP and were subsequently found to have significantly reduced production of TNF-α from BAL fluid mononuclear cells, as well as increased BAL numbers of immunoregulatory CD4+ CD127− CD25+ T-cells. In vitro experiments also showed that VIP was able to convert naive CD4+ CD25− T-cells into CD4+ CD25+ FOXP3+ regulatory T-cells, suggesting generation of peripheral regulatory T-cells by VIP treatment. 65 Transforming growth factor-β
Transforming growth factor-β (TGF-β) is a multifunctional cell signaling molecule that plays an important role in the attenuation of inflammation. It has been implicated in various fibrotic conditions. 66 TGF-β induces fibroblast recruitment and transformation to the myofibroblast phenotype. Despite its role in fibrosis, earlier studies of TGF-β in sarcoidosis demonstrated an association between increased TGF-β levels and spontaneous clinical remission, suggesting that TGF-β has anti-inflammatory effects. 67 One study showed that TGF-β2 and TGF-β3 genes were altered in sarcoidosis-associated pulmonary fibrosis, suggesting that intrinsic alterations in TGF-β may predispose to sarcoidosis-associated pulmonary fibrosis.
68
CXCR3 ligands
CXCL9 is an IFN-γ-induced chemokine and is produced by monocytic cells. Signaling occurs through CXCR3, an inflammatory receptor present on CD4+ and CD8+ cells, 69 and promotes T-cell recruitment to inflamed tissues. 70 In sarcoidosis, elevated CXCL9 in BAL fluid, as well as transcripts and proteins of CXCL9 being upregulated in lung tissue and associated with disease progression, has been demonstrated. 71, 72 CXCL10-or IFN-γ-induced protein-10 (IP-10), a chemokine secreted in response to IFN-γ, has been found to be associated with active sarcoidosis. IP-10 levels were inversely correlated with pulmonary function and disease prognosis. The study also indicated that its predictive characteristics were superior to those of ACE. 73 Therefore, IP-10 may be a diagnostic marker that could differentiate active from inactive sarcoidosis, but this needs confirmation.
CXCL11 is another chemokine mediated through CXCR3. It is an IFN-inducible T-cell α-chemoattractant. The gene expression and protein levels of CXCL11 were found to be elevated in the serum and BAL fluid of patients with sarcoidosis at radiological stage II, 71 suggesting its potential use as a disease marker.
Other chemokines
The aforementioned chemokines mediated by CXCR3 have been associated only with early stages of pulmonary sarcoidosis. 74 It is therefore possible that other chemokines may be involved in the transition from early inflammatory to late profibrotic stages. CCL2 and CCL5 have been shown to bestride the transition from type 1 to type 2 immune responses. 75 The literature presents conflicting data regarding the association between chemokines and pulmonary sarcoidosis. [76] [77] [78] Nonetheless, in the largest observational study to date, CCL2 and CCL5 protein levels were elevated in BAL fluid of pulmonary sarcoidosis compared with healthy controls, suggesting their utility as biomarkers. Explorative subgroup analysis demonstrated that CCL2 and CCL5 were elevated in all stages of pulmonary sarcoidosis, demonstrating the continuum of early inflammatory to late fibrotic sarcoidosis.
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CCL15 is a member of the macrophage inflammatory protein-1 family of chemokines. 80 CCL15 was elevated in the BAL fluid of patients with sarcoidosis at radiological stage III and was shown in the same study to be associated with 2 year disease outcome, 81 suggesting that CCL15 may be a marker of progressive sarcoidosis.
CCL16 is a chemoattractant for lymphocytes and monocytes. Macrophages, in response to CCL16, increase their production of IL-12, IL-1β, CCL2, and TNF-α. 82 CCL16 protein expression levels were found to be elevated in patients with sarcoidosis, regardless of clinical phenotype, therefore suggesting its role in amplifying the inflammatory process.
81
CCL18 upregulates collagen production by pulmonary fibroblasts, which, in turn, increases macrophage secretion of CCL18, perpetuating a positive feedback loop leading to pulmonary fibrosis. 9 Levels of CCL18 have been investigated in the plasma of patients with sarcoidosis and were shown to be secreted in high quantities by sarcoid macrophages. 83 Macrophage stimulating protein initiates and regulates immune responses. 84 It has been found to be differentially expressed between acute and chronic sarcoidosis 81 and has been shown to induce IL-1β and TNF-α production in alveolar macrophages of patients with sarcoidosis. 85 
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The association is particularly pronounced in patients in radiological stage III, 81 suggesting that macrophage stimulating protein may propagate the inflammatory process in sarcoidosis.
Immunological markers of sarcoid alveolitis in BAL and induced sputum
Pulmonary sarcoid alveolitis can be diagnosed by BAL fluid analysis with an elevated CD4+/CD8+ cell ratio .3.5:1, in the absence of known causes. 1 However, the wide spectrum of this ratio among patients with pulmonary sarcoidosis and the possibility of developing CD8+ alveolitis among patients with sarcoidosis with human immunodeficiency virus-1 (HIV-1) infections render this ratio less useful as an absolute diagnostic criterion. 86 One investigation examined apoptosis in peripheral blood mononuclear cells from patients with sarcoidosis in stimulated and nonstimulated conditions. Stimulation with MTB heat shock proteins induced CD4+ T-cell apoptosis in the peripheral blood of patients with sarcoidosis. 87 It was hypothesized that apoptosis was increased in T-lymphocytes from peripheral blood in comparison with BAL fluid lymphocytes. 87 Flow cytometric studies using samples from patients with sarcoidosis demonstrated that under unstimulated conditions, BAL CD4+ and CD8+ T-cells were significantly activated compared with peripheral blood lymphocytes. 88 Other cellular surface activation markers, such as CD26, CD54, and HLA-DR, are also expressed on BAL lymphocytes of patients with active sarcoidosis. 89 As CD4+ HLA-DR+ T-cells release IL-2 spontaneously, some researchers have suggested measurement of the activation state of the IL-2-mediated immune system based on frequencies of CD4+ HLA-DR+ T-cells. These cells are expected to decrease in inactive sarcoidosis, and this information may help to define different phases of the disease. 90 It has also been noted that patients with sarcoidosis with the HLA-DRB1*0301 genotype largely express the TCR Vα2.3 (AV2S3+). Increased numbers of AV2S3+ CD4+ BAL T-cells may represent an acute phase of sarcoidosis, indicating clonal proliferation in response to inciting antigen(s). 91 Upon stimulation by nonspecific mitogens, there is a dominant T H 1 cytokine profile in BAL T-cells from patients with pulmonary sarcoidosis. 89 In comparison with peripheral blood CD4+ T-cells, significantly greater BAL CD4+ T-cells express T H 1-related receptors such as CXCR3, CCR5, IL-12R, and IL-18R in sarcoidosis, with reduced T H 2 chemokine receptors (CXCR4, CCR4). 92 Another study also found increased serum levels of T H 1 chemokine IP-10 and T H 2 chemokine CCL17 in patients with sarcoidosis compared with controls. IP-10 levels were higher in BAL fluid samples of patients with active sarcoidosis compared with controls, but CCL17 levels were not significantly different. 93 Elevated numbers of the antiproliferative CD4+CD25 bright FOXP3+ T reg (regulatory T) cells have also been found in the BAL fluid and peripheral blood of patients with active sarcoidosis. Our research group has also demonstrated greater proportions of activated CD39+ T reg to CD39− T eff (effector T) cells in patients with sarcoidosis compared with healthy controls (unpublished data). Presumably, these cells do not completely suppress the production of proinflammatory cytokines such as IFN-γ and TNF-α at the disease site, and therefore sarcoid granulomas can still develop. 5 Dendritic cells have also been identified to have an important role in the pathogenesis of sarcoidosis. Based on their phenotypes, dendritic cells may be divided into plasmacytoid or myeloid cell subtypes. Plasmacytoid dendritic cells are part of the innate immune system, expressing a variety of Toll-like receptors, and have an important role in immunity, secreting large amounts of IFN-α following Toll-like receptormediated stimulation. Plasmacytoid dendritic cells do not appear to play a large role in sarcoid immunopathogenesis, with similar numbers in BAL fluid of patients compared with healthy control subjects. 62 There is, however, reduced dendritic cell function in sarcoidosis peripheral blood compared with that in healthy control subjects, suggesting that blunted end organ cellular immunity may contribute to sarcoidosis. Phenotypically immature, anergic myeloid dendritic cells are increased in sarcoidosis BAL fluid and cutaneous lesions, whereas mature dendritic cells have been located in disease sites in lymph nodes, which have also been shown to polarize the T H 1 T-cells to lymph nodes. 94 The less invasive method of induced sputum has detected the presence of elevated numbers of CD4+ IFN-γ+ T-cells, with increased CD4+/CD8+ T-cell ratios, in patients with active pulmonary disease. 95 T-cell subsets in induced sputum and BAL fluid were also strongly correlated in patients with sarcoidosis. 96 
Specific markers of granulomatous inflammation ACe
ACE is a glycoprotein enzyme normally secreted by monocytes, macrophages, and pulmonary endothelial cells into the bloodstream, and is responsible for the physiological reaction of converting angiotensin I to angiotensin II, which is important for blood pressure control. Elevated serum levels 
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Ahmadzai et al of ACE were found to be increased in approximately 60% of patients. 9 ACE is ectopically produced by epithelioid and giant cells in sarcoid granulomas. 97 Serum ACE activity can be a serum biomarker of sarcoid granuloma formation, but it has limited sensitivity and specificity through the stages of the disease and in response to corticosteroid treatment. 98 Serum ACE activity may also be increased in a variety of other granulomatous and nongranulomatous conditions, and may be affected by ACE inhibitor medications, which also limits its use in the diagnosis of sarcoidosis. 1 Furthermore, insertion/deletion (I/D) polymorphisms of the ACE gene and angiotensin II receptor 1 (AT2R1) gene are confounding factors that can affect ACE activity. 99 Therefore, evaluation of ACE activity may be improved by genotyping patients for ACE I/D polymorphisms.
Besides serum, ACE activity has also been assessed in BAL fluid, CSF, and urine of patients with sarcoidosis, with elevation in the former two biological fluids. 100 According to one study, increased CSF ACE activity levels with values 8 nmol/mL/min may be a useful biomarker for patients with suspected neurosarcoidosis. 101 
Lysozyme
Lysozyme, an enzyme produced by macrophages and epithelioid giant cells in sarcoid granulomas, has been found to be elevated in the serum of patients with active sarcoidosis. 102 Serum lysozyme was also positively correlated with serum ACE, but the clinical usage of lysozyme remains limited as it is relatively insensitive and nonspecific being elevated in other conditions.
103,104
Neopterin
Neopterin is released by activated macrophages as a metabolite of guanosine triphosphate in response to IFN-γ. 104 It has been detected at higher levels in serum and urine of patients with sarcoidosis 105 and lower levels with disease resolution. 106 Combined elevation of neopterin and sIL-2R is associated with increased likelihood of progressive disease that requires long-term corticosteroid treatment. 53 
Chitotriosidase
Chitotriosidase is an enzyme responsible for breaking down chitin, a component of fungal cell wall and exoskeleton of certain animals and arthropods. 104 It is found to be produced by alveolar macrophages in BAL fluid of patients with sarcoidosis. However, its role in sarcoid pathogenesis remains unknown. 107 BAL and serum levels of chitotriosidase in patients with sarcoidosis were significantly higher than those in controls, whereas chitotriosidase levels generally rise with disease progression and decrease with treatment. There is also a correlation between BAL chitotriosidase levels and sarcoidosis radiological stages, serum ACE levels, and pulmonary fibrosis. Thus, it may be a useful biomarker of disease severity and prognostic factor for chronic fibrotic disease. 108 
Other markers
Serum amyloid A can also be considered as a nonspecific inflammatory marker of sarcoidosis, as it regulates granulomatous inflammation through Toll-like receptor-2. 109 It also functions as an acute phase reactant, released together with CRP under systemic stimulation by IL-1 and IL-6.
36
Raised endothelin-1 levels have been associated with the degree of lymphocytic alveolitis and number of macrophages in BAL fluid of patients with sarcoidosis. 110 This vasoactive, bronchoconstrictive peptide, which has been identified in pulmonary fibroproliferative processes, has also been investigated in other biological fluids such as serum, urine, and lung tissues. 111, 112 Other potential markers of sarcoidosis include neutrophil-derived collagenase and elastase. The serum of some patients with sarcoidosis has demonstrated higher levels of collagenase, and the combination of raised BAL levels of collagenase and fibronectin has been associated with more severe fibrotic disease. 113 Although elevated elastase is found in chronic stage III radiological disease, its role as a disease marker remains limited.
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The Kveim-Siltzbach test and putative antigens
The Kveim-Siltzbach test was used as the diagnostic test for sarcoidosis and was performed by intradermal injection of Kveim reagent, a validated suspension of allogeneic human sarcoid tissue, typically spleen or lymph nodes, homogenized in phosphate-buffered saline. 115 This would develop into a papule at the injection site, which was biopsied around 6 weeks later. Histopathological presence of noncaseating epithelioid granulomas indicated sarcoidosis. 116 The test was very useful in distinguishing sarcoidosis from other granulomatous diseases. 117 However, it is now rarely used, as no commercially available preparation of the reagent exists, and each new Kveim-Siltzbach preparation requires validation in vivo, as well as posing risks of transmitting infections. 116 Attempts at developing in vitro Kveim reactions and isolating the antigenic agent in the Kveim reagent have been unsuccessful. 
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Based on the hypothesis that pathogenic antigens in sarcoidosis have similar physicochemical properties as Kveim reagent, 119 this resulted in an investigation utilizing a limited proteomics approach to identify antigens with these characteristics in sarcoidosis tissue samples. 120 Using specialized mass spectroscopy and protein immunoblotting techniques, mycobacterial catalase-peroxidase (KatG) protein was identified in 55% of samples that were also a target of the humoral immune response in a large number of sarcoidosis subjects. 120 These results implied that this undegradable mycobacterial protein is a target of the adaptive immune response, causing granulomatous inflammation in at least a subset of sarcoidosis tissues. Subsequent studies also indicated greater PBMC and BAL T H 1 responses to MTB-related KatG peptides in sarcoidosis patients compared with healthy subjects. 23 In contrast, there was no significant difference when compared with PBMCs from PPD+ control subjects, profiling a pathogenic antigen in some patients with sarcoidosis. [24] [25] [26] In addition, other recent findings using ELISA have identified high levels of antimycobacterial heat shock protein 70 (hsp70) antibodies in the sera of patients with sarcoidosis. 121 This antigen increases expression of costimulatory molecules, suggesting that mycobacterial hsp70 positivity could lead to a reduction in immune tolerance, which may induce autoimmune inflammatory responses. 27, 122 Other findings that support this have included detection of mycobacterial hsp16, hsp65, and hsp70 in lymph nodes, sera, and circulating immune complexes in the blood of patients with sarcoidosis, using immunostaining. 123 The mycobacterial hsp16 has been identified as an important marker of the dormant stage of mycobacteria. 124 It has also been identified that PBMCs from patients with sarcoidosis and tuberculosis were similarly activated by in vitro exposure to recombinant mycobacterial heat shock proteins compared with PBMCs from healthy control subjects. 125 We also recently demonstrated that following stimulation with pooled peptides from MTB-related ESAT-6 and KatG, there was an induction of greater numbers of IFN-γ-producing T-cells, together with increased IL-2, IL-6, and TNF-α, in subjects with sarcoidosis compared with PPD negative healthy controls. 16 Given that these antigens do not induce immune responses in all patients, novel techniques are needed to determine other pathogenic antigens.
The use of proteomics for identification of protein biomarkers
Proteomics provides the opportunity to simultaneously investigate alterations in the expression of proteins and their corresponding pathways. A variety of different proteomic techniques have been used for identifying BAL fluid and serum protein patterns in sarcoidosis. Two-dimensional electrophoresis and mass spectrometry have identified 85 proteins in BAL fluid, with 38 newly identified and possibly relevant proteins in BAL from patients with sarcoidosis. 126 Proteins that were found were locally secreted and plasmaderived proteins and proteolytic or cell damage products with proinflammatory, anti-inflammatory, and antiprotease activity. 127 Another more recent study investigated the soluble proteome of alveolar macrophages. They identified 69 protein species that were significantly altered in patients with sarcoidosis compared with healthy controls. These were associated with the clathrin-mediated endocytosis pathway and Fcγ-mediated phagocytosis pathway, possibly providing insights into the role of macrophage phagocytosis in sarcoid immunopathogenesis. 128 A recent investigation has also interestingly identified aberrant expression of receptors for the Fc fragment of immunoglobulin G (FcγR) and complement receptors (CRs) on peripheral blood monocytes from patients with sarcoidosis. 129 This study identified increased expression of the receptors FcγRI (CD64), FcγRII (CD32), and FcγRIII (CD16), with decreased expression of CR1 (CD35) and CR4 (CD11c) on peripheral blood CD14+ monocytes in patients with sarcoidosis compared with controls. The authors concluded that this may be responsible for altered phagocytic activity in sarcoidosis, leading to high or persistent antigen load and increased circulating immune complexes in sarcoidosis. 129 Another technique employing a narrow range of pH gradients found new groups of serum and BAL proteins, most of which have a role in oxidative stress and inflammatory responses. 130, 131 Gel electrophoresis proteomics was also incorporated in another similar study to analyze BAL from patients genetically predisposed to chronic sarcoidosis (with the HLA-DRB1*15 genotype). 132 Silva et al found aberrant protein patterns in patients compared with healthy controls and those with chronic beryllium disease. 132 Healthy controls and patients with sarcoidosis had increased hsp70, peroxiredoxin 5, annexin A2, complement C3, and transthyretin compared with controls. 132 Surface-enhanced laser desorption/ ionization time of flight mass spectrometry is a new technique that has identified different disease-related proteins and protein patterns in serum. 133 In BAL fluid of patients with sarcoidosis, proteins that are related to clinical course, including protocadherin-2 precursor, α 1 -antitrypsin, and albumin, were identified. 134 Proteomic analysis has provided useful data identifying potential protein biomarkers 
Exhaled breath analysis Lymphocyte and macrophage biomarkers
Pulmonary disease is one of the most common organ manifestations in sarcoidosis. Biomarkers sampled from the respiratory tract can thus provide direct insights into disease immunopathogenesis. 1 Initial studies found greater exhaled nitric oxide levels in patients with sarcoidosis compared with healthy controls, which significantly decreased following corticosteroid treatment. 135 Exhaled nitric oxide may reflect disease activity and is associated with amplified T H 1 immune responses, resulting from induced nitric oxide synthase upregulation by TNF-α and IFN-γ. 135 A recent investigation also showed elevated concentrations of nitrite/nitrate in the serum of patients with sarcoidosis compared with healthy control subjects. Lower levels of serum nitric oxide were shown to induce production of bacterial hsp16, a marker of the dormant stage of bacteria (eg, in mycobacteria and propionibacteria). 124 In contrast, a recent study investigating exhaled nitric oxide measurement in patients with sarcoidosis, healthy controls, and patients treated with corticosteroids found that exhaled nitric oxide was not a clinically useful test for monitoring disease progression. 136 Another study found significantly elevated exhaled carbon monoxide (reflecting increased oxidative stress) in patients with sarcoidosis compared with healthy controls. 137 The prognostic usefulness of this measurement, however, remains undetermined.
Exhaled breath condensate (EBC) collection is a noninvasive, simple technique for sampling airway lining fluids and investigating exhaled biomarkers in respiratory disease. 138 Although total protein concentrations are greater in BAL than EBC, 139 biomarkers have been found in the EBC of patients with sarcoidosis. Inflammatory markers such as insulin-like growth factor-1, TNF-α, sTNF-RII, plasminogen activator inhibitor-1, M-CSF (macrophage colony stimulating factor), and RANTES have been demonstrated to be correlated in BAL and EBC samples of patients with sarcoidosis. 140, 141 TGF-β 1 , vascular endothelial growth factor, and IL-8 have also been found in the EBC of patients with sarcoidosis. 142 Our group found the markers of granulomatous inflammation, TGF-β 1 , and neopterin at increased levels in the EBC of patients with sarcoidosis compared with healthy control subjects, 143 which may serve as airway biomarkers of disease activity.
Other studies have found elevated levels of exhaled eicosanoids, including cysteinyl leukotrienes and 8-isoprostane, in the BAL fluid and EBC of patients with sarcoidosis. 144 There was a correlation between the levels of leukotriene B 4 and 8-isoprostane in BAL fluid and EBC of patients with sarcoidosis. 145 Compared with healthy subjects, EBC 8-isoprostane concentrations are elevated in active sarcoidosis, which may indicate disease severity or activity. 146 Other biomarkers of oxidative stress, such as increased hydrogen peroxide and end products of lipid peroxidation, have also been shown to be raised in EBC and BAL of patients with sarcoidosis. 147 Further research is needed to verify the utility of reactive oxygen species, growth factors, and products of oxidative stress in EBC. microRNA DNA polymorphisms have been implicated in the immune reactions in sarcoidosis 148 and have been associated with various disease phenotypes. 149 However, it cannot entirely explain phenotypic variability. Hence, there is a burgeoning interest in the role of small, noncoding RNAs, also known as microRNA (miRNAs), which have been known to repress gene translation. 150 One study has recently shown an association between aberrant miRNA expression and the fibrotic progression in sarcoidosis. 151 Members of the miRNA-29 (miR-29) family have been known to regulate the infectivity of HIV-1 virus. 152 The downregulation and inhibition of miR-29a facilitate IFN-γ expression in T-cells. 153 Our research group has demonstrated lower miR-29a and higher IFN-γ levels in EBC of patients with sarcoidosis compared with EBC of healthy controls. Moreover, we found no significant differences in miR-29a and IFN-γ expression levels in the PBMCs of both groups. This has led us to suggest that miR-29a is lowered in the presence of inflammation. miR-29a may have a role in modulating the T H 1 profile within PBMCs and may also serve as an EBC marker of sarcoidosis (unpublished data).
Conclusion
Recent investigations have improved our understanding of sarcoid immunopathogenesis and disease biomarkers. New immunological techniques of identifying peripheral blood T-cell activation could further identify sarcoid antigenic peptides. Initial proteomic findings from serum and BAL need to be verified with large-scale studies to differentiate between sarcoidosis clinical phenotypes and to identify patients at risk of complications from chronic disease and pulmonary fibrosis. EBC analysis similarly needs to be improved for it to be used in clinical practice. Novel biomarker studies may help to pave the way to further improve our understanding of this enigmatic disease, including use of gene expression and multiplex protein analysis technology. Despite many potential biomarkers being identified for monitoring and diagnosis, there is still a lack of adequately specific and sensitive disease markers for clinical usage, necessitating further research on these fronts.
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